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(3)  List  of  Appendixes,  Illustrations  and  Tables 
Not  applicable 

(4)  Statement  of  the  Problem  Studied 

One  research  objective  of  the  Army  Research  Office  is  the  development  of  improved  catalysts  for  the 
oxidation  of  methanol  in  direct-methanol-fuel-cells  (DMFCs).  Practical  DMFCs  would  be  attractive 
compact  power  sources  for  electrical  power  production.  Current  wisdom  dictates  that  crystalline  metal 
alloy  nanoclusters  of  particular  compositions  should  be  highly  active  catalysts  for  methanol  oxidation.  To 
minimize  the  unit  cost  of  metal,  these  alloy  particles  should  be  supported  on  an  electrically  conducting 
carbon  powder  (such  as  Vulcan  carbon)  forming  a  nanocomposite  catalyst. 

The  research  hypothesis  being  investigated  in  this  project  is  the  following:  Can  molecules  serve  as  single¬ 
source  precursors  to  crystalline  binary  intermetallic  or  alloy  nanoparticles  supported  on  various  types  of 
carbon  supports?  More  specifically,  molecules  containing  a  precise  stoichiometry  of  two  or  more 
different  metals  might  serve  as  precursors  to  crystalline  nanoclusters  of  metal  alloy  having  the  same  metal 
stoichiometry.  Because  metal  alloy/carbon  nanocomposites  are  known  to  be  active  as  DMFC  anode 
catalysts,  better  control  of  the  metal  alloy  stoichiometry  at  the  nanoparticle  scale  might  afford  DMFC 
anode  catalysts  having  higher  activity.  The  activity  of  DMFC  anode  catalysts  might  also  be  improved 
through  better  control  of  metal  catalyst  particle  size,  the  use  innovative  thermal  treatment  conditions 
using  microwave  irradiation,  and  by  support  effects  arising  from  the  use  of  carbon  supports  having  unique 
atomic  structures.  Selected  investigation  of  these  aspects  relating  to  catalyst  activity  has  also  been 
undertaken  during  this  project  period. 

(5)  Summary  of  the  Most  Important  Results 

•  Pt-Ru/tubular  herringbone  graphitic  carbon  nanofiber  nanocomposites  as  anode  catalysts  in  DMFCs 
exhibit  a  fuel  cell  performance  reproducibly  enhanced  by  50-64%  over  that  recorded  for  a  standard  Pt- 
Ru  unsupported  catalyst. 

•  Pt-Ru/herringbone  graphitic  carbon  nanocomposite  prepared  using  microwave  heating  as  anode 
catalysts  in  DMFCs  exhibit  a  fuel  cell  performance  comparable  to  that  of  a  standard  Pt-Ru 
unsupported  catalyst. 

•  Pt-Ru/Vulean  carbon  nanocomposites  prepared  using  microwave  or  conventional  heating  as  anode 
catalysts  in  DMFCs  exhibit  a  fuel  cell  performance  comparable  to  that  of  a  standard  Pt-Ru 
unsupported  catalyst. 

•  Pt,  Pd,  or  Pt-Ru/carbon  nanocomposites  having  crystalline  metal  nanoparticles  can  be  prepared  rapidly 
within  one  or  two  minutes  of  heating  using  microwave  irradiation. 

•  Pt-Os,  Os,  Ru-Mo,  Pt-Sn,  Pt-Re  and  various  Pt-Mo/earbon  nanocomposites  have  been  prepared  using 
single-source  molecular  precursors  as  the  source  of  metal.  DMFC  testing  data  reveal  that  the 
Os/carbon  nanocomposites  do  not  give  high  performance  as  DMFC  anode  catalysts,  and  that  the  other 
metal  catalyst  compositions  give  a  DMFC  performance  less  than  that  obtained  when  using  Pt-Ru 
anode  catalysts. 

•  A  new  synthesis  method  for  preparing  graphitic  carbon  nanofibers  using  water-soluble  supports  was 
discovered  and  reported. 

•  Graphitic  carbon  nanofiber/polyimide  films  having  a  fiber/polymer  interface  of  high  covalent 
character  have  been  synthesized  and  reported. 

•  Hexagonal  Bi-Te  nanocrystals  have  been  prepared  in  a  ceramic  matrix  on  the  way  to  preparing 
nanoscale  Bi  materials  relevant  to  thermoelectric  applications. 

•  A  U.S.  Patent  has  been  issued  for  our  DMFC  catalyst  research  supported  by  ARO  funding. 
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(6)  List  of  all  Publications,  Technical  Reports,  and  Technical  Presentations 

(a)  Publications  published  in  peer-reviewed  journals: 

“Synthesis  and  Molecular  Structure  of  the  Mercury-Bridged  Heteronuclear  Complex  [Pt3(dppm)3{p3- 
Hg-RuCp(CO)2}2][PF6]2”  William  D.  King  and  Charles  M.  Lukehart,  J.  Cluster  Sei.,  1998, 9, 107  - 
121. 

"Formation  of  a  PtiSni  (niggliite)/silica  Xerogel  Nanocomposite  using  a  PtSn  (1 : 1)  Organometallic 
Precursor,"  Joseph  P.  Carpenter,  C.  M.  Lukehart,  and  S.  R,  Stock,  J.  Organomet.  Chem.,  2000,  596, 
252  -  256. 

"Synthesis  of  a  Mo-Ru/Carbon  Nanocomposite  Using  (r]-C7H7)(OC)2Mo-Ru(CO)2(‘n-C5H5)  as  a 
Single-Source  Molecular  Precursor,"  Krzysztof  C.  Kwiatkowski,  C,  M.  Lukehart,  Oliver  J.  Murphy, 
and  Stanley  F.  Simpson,  J.Cluster  Sci.,  2000, 11, 449  -  459. 

"Rapid  Synthesis  of  Pt  or  Pd/Carbon  Nanocomposites  Using  Microwave  Irradiation,"  Deborah  L. 
Boxall  and  C.  M.  Lukehart,  Chem.  Mater.,  2001, 13,  806  -  810. 

"Rapid  Synthesis  of  a  PtiRui/Carbon  Nanocomposite  Using  Microwave  Irradiation:  A  DMFC  Anode 
Catalyst  of  High  Relative  Performance,"  Deborah  L.  Boxall,  Gregg  A.  Deluga,  Edward  A.  Kenik, 
William  D.  King,  and  C.  M.  Lukehart,  Chem.  Mater.,  2001, 13,  891  -  900. 

"A  Pt-Ru/Graphitic  Carbon  Nanofiber  Nanocomposite  Exhibiting  High  Relative  Performance  as  a 
DMFC  Anode  Catalyst,"  Eve  S.  Steigerwalt,  Gregg  A.  Deluga,  David  E.  Cliffel  and  C.  M.  Lukehart,  J. 
Phys.  Chem.  B,  2001, 105, 8097  -  8101. 

"Hexagonally  Shaped  Bi-Te  Nanocrystals  and  Bi  or  Bi-Te/Ceramic  Nanocomposites  of  High  Metal 
Loading  from  Mixed-Metal  Oxide  Precursors,"  Joshua  T.  Moore  and  Charles  M.  Lukehart,  J.  Mater. 
Chem.,  2002, 12, 288  -  290. 


"Pt-Ru/Carbon  Fiber  Nanocomposites:  Synthesis,  Characterization  and  Performance  as  DMFC  Anode 
Catalysts.  A  Search  for  Exceptional  Performance,"  Eve  S.  Steigerwalt,  Gregg  A.  Deluga,  and  C.  M. 
Lukehart,  J.  Phys.  Chem.  B,  2002, 106, 760  -  766. 

"Preparation  of  Graphitic  Carbon  Nanofibers  (GCNFs)  Using  Water-Soluble  Supports,"  Eve  S. 
Steigerwalt  and  C.  M.  Lukehart,  J.  Nanosci.  Nanotech.,  2002, 2, 1  -4. 

(b)  Publications  published  in  non-peer-reviewed  journals  or  in  conference  proceedings: 

“Preparation  of  Pt-Ru  or  Pt-Mo  Supported  Catalysts  for  PEM  or  Direct  Methanol  Fuel  Cells  from 
Single-Source  Molecular  Precursors,”  C.  M.  Lukehart,  D.  L.  Boxall,  J.  D.  Com,  M.  Hariharasarma,  W. 
D.  King,  K.  C.  Kwiatkowski,  E.  S.  Steigerwalt,  and  E.  A.  Kenik,  Am.  Chem.  Soc.,  Fuel  Chem.  Div. 
Preprints,  1999,  44,  No.  4, 982  -  986. 

“On-Particle  EDS  Analysis  of  PtRu/C  DMFC  Catalysts  Using  High-Resolution  TEM,”  D.  L.  Boxall,  C. 
M.  Lukehart,  and  E.  A.  Kenik,  Proc.  ASME  Advanced  Energy  Systems  Div.,  1999,  39, 327  -  336. 


“Metal  Alloy/Vulcan  Carbon  Nanocomposites  of  Controlled  Alloy  Stoichiometry  Prepared  from 
Single-Source  Molecular  Precursors  as  DMFC  Anode  Catalysts,"  Charles  M.  Lukehart,  Chapter  in 
"Small  Fuel  Cells  and  Battery  Technologies,"  Knowledge  Foundation,  1999,  Chapter  7,  pp.  51  -  62. 

“Nanocomposites  Prepared  by  Sol-Gel  Methods:  Synthesis  and  Characterization,”  Krzysztof  C. 
Kwiatkowski  and  C.  M.  Lukehart,  “Handbook  of  Nanostructured  Materials  and  Nanotechnology,” 
H.  S.  Nalwa,  Ed.,  Volume  1,  Chapter  8,  pp.  387  -  421:  Academic  Press  (2000). 

"On-Particle  EDS  Analysis  of  Bimetallic,  Carbon-Supported  Catalysts,"  Deborah  L.  Boxall,  Edward  A. 
Kenik,  and  Charles  M.  Lukehart,  Mater.  Res.  Soc.  Sym.  Proc.,  2001, 589, 265  -  270. 

"Polymer  Material  Property  Enhancement  Through  Nanocomposite  Technology,"  J.  P.  Paxton,  E.  D. 
Mowles,  C.  M.  Lukehart  and  A.  J.  Witzig,  Proc.  Am.  Soc.  Composites,  M.  W.  Hyer  and  A.  C.  Loos, 
Eds.,  pp.  215-221:  CRC  Press  (2001). 

“Nanocomposites  Prepared  by  Sol-Gel  Methods:  Synthesis  and  Characterization,”  Krzysztof  C. 
Kwiatkowski  and  C.  M.  Lukehart,  “Nanostructured  Materials  and  Nanotechnology,”  H.  S.  Nalwa, 
Ed,,  Chapter  2,  pp.  57-91:  Academic  Press  (2002). 

(c)  Papers  published  at  meetings  as  abstracts,  but  not  published  in  conference  proceedings: 

“Preparation  of  Carbon-Supported  Bimetallic  and  Alloy  Phase  Nanocrystals  Using  Single-Source 
Molecular  Precursors,”  Deborah  L.  Boxall,  James  D.  Com,  and  Charles  M.  Lukehart,  American 
Chemical  Society,  215th  National  Meeting,  March.  1998,  Dallas,  TX. 

“Preparation  of  Gold  Nanoclusters  on  Water-Soluble  Supports,”  Eve  S.  Steigerwalt,  Charles  M. 

Lukehart  and  Kevin  M.  Warren,  American  Chemical  Society,  216th  National  Meeting,  August.  1998, 
Boston,  MA. 

“Rapid  Synthesis  of  Carbon-Supported  Metal  Nanocrystals,”  Deborah  L.  Boxall,  William  D.  King  and 
Charles  M.  Lukehart,  American  Chemical  Society,  216th  National  Meeting,  August.  1998,  Boston,  MA. 

“Designed  Syntheses  of  Binary  Metal  Alloy  Nanocomposites  Using  Single-Source  Molecular 
Precursors,”  Deborah  L.  Boxall,  James  D.  Com,  William  D.  King  and  C.  M.  Lukehart,  Seventh  Annual 
Workshop  of  the  Consortium  for  Nanostructured  Materials,  October  1998,  Richmond,  VA. 

"Designed  Syntheses  of  Intermetal  lie  or  Alloy  Binary  Metal  Nanocomposites  Using  Single-Source 
Molecular  Precursors,”  C.  M.  Lukehart,  D.  L.  Boxall,  J.  P.  Carpenter,  J.  D.  Com,  F.  E.  Jones,  III,  W.  D. 
King,  S.  B.  Milne  and  S.  R,  Stock,  American  Chemical  Society,  Southeast  Regional  Meeting, 
November,  1998,  Research  Triangle  Park,  NC. 

“Pt-Ru  and  Pt-Sn/Vulcan  Carbon  Nanocomposites  of  Controlled  Stoichiometiy  Prepared  from  Single- 
Source  Molecular  Precursors  as  DMFC  Anode  Catalysts,”  D.  L.  Boxall,  J.  D.  Corn,  F.  E.  Jones,  III,  W. 
D.  King  and  C.  M.  Lukehart,  1998  Fuel  Cell  Seminar,  November  1998,  Palm  Springs,  CA. 

“Metal  Alloy/Vulcan  Carbon  Nanocomposites  of  Controlled  Alloy  Stoichiometry  Prepared  from  Single- 
Source  Molecular  Precursors  as  DMFC  Anode  Catalysts,”  D.  L.  Boxall,  J.  D.  Com,  F.  E.  Jones,  III,  W. 
D.  King,  K.  C,  Kwiatkowski  and  C.  M.  Lukehart,  The  Knowledge  Foundation  Conference  on  Small 
Fuel  Cells  and  the  Latest  Battery  Technologies  for  Portable  Applications,  April  1999,  Bethesda,  MD. 
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“Preparation  of  Pt-Ru  or  Pt-Mo  Supported  Catalysts  for  PEM  or  Direct  Methaqnol  Fuel  Cells  from 
Single-Source  Molecular  Precursors,”  C.  M.  Lukehart,  D.  L.  Boxall,  J.  D.  Com,  M.  Hariharasarma,  W. 
D.  King,  K.  C.  Kwiatkowski,  E.  S.  Steigerwalt,  and  E.  A,  Kenik,  American  Chemical  Society,  218th 
National  Meeting,  August,  1999,  New  Orleans,  LA. 

“Preparation  and  Characterization  of  a  PtiRu  [/Graphitic  Carbon  Nanofiber  Nanocomposite  Using  a 
Single-Source  Molecular  Precursor,”  C.  M.  Lukehart  and  E.  S.  Steigerwalt,  American  Chemical  Society, 
218th  National  Meeting,  August  1999,  New  Orleans,  LA. 

“Synthesis  of  Compounds  Containing  PtxMoy-core  Stoichiometries  and  the  Preparation  of  Carbon- 
Supported  Metal  Alloy  Nanoparticles,”  C.  M.  Lukehart  and  K.  C.  Kwiatkowski,  American  Chemical 
Society,  218th  National  Meeting,  August.  1999,  New  Orleans,  LA. 

“Preparation  of  Pt-Ru  or  Pt-Mo  Supported  Catalysts  for  PEM  or  Direct  Methaqnol  Fuel  Cells  from 
Single-Source  Molecular  Precursors,”  C.  M.  Lukehart,  D.  L.  Boxall,  J.  D.  Com,  M.  Hariharasarma,  W. 
D.  King,  K.  C.  Kwiatkowski,  E.  S,  Steigerwalt,  and  E.  A.  Kenik,  DOE/ONR  Fuel  Cell  Workshop, 
October  1999,  Baltimore,  MD. 

“Preparation  of  Binary  Metal  Alloy/Carbon  Nanocomposites  Using  Single-Source  Molecular 
Precursors,”  C.  M.  Lukehart,  D.  L.  Boxall,  J.  D.  Com,  M.  Hariharasarma,  W.  D.  King,  K.  C. 
Kwiatkowski,  E.  S.  Steigerwalt,  and  E.  A,  Kenik,  American  Chemical  Society,  51st  Southeast  Regional 
Meeting,  October  1999,  Knoxville,  TN. 

“Binary  Alloy/Carbon  Nanocomposites  Using  Single-Source  Molecular  Precursors,”  Charles.  M. 
Lukehart,  Second  Annual  Southern  Illinois  Materials  Chemistry  Conference,  October  1999,  Carbondale, 
JL. 

“On-Particle  EDS  Analysis  of  PtRu/C  DMFC  Catalysts  Using  High-Resolution  TEM,”  Deborah  L. 
Boxall,  Charles  M.  Lukehart,  and  Edward  A.  Kenik,  1999  ASME  International  Mechanical  Engineering 
Congress  and  Exposition,  November  1999,  Nashville,  TN. 

"On-Particle  EDS  Analysis  of  Bimetallic,  Carbon- Supported  Catalysts,"  Deborah  L.  Boxall,  Edward  A. 
Kenik,  and  Charles  M.  Lukehart,  Materials  Research  Society,  1999  Fall  National  Meeting,  November 
1999,  Boston,  MA. 

“Metal/Carbon  Nanocomposites:  An  Update,”  C.  M.  Lukehart,  Ninth  Annual  Workshop  of  the 
Consortium  for  Nanostractured  Materials,  September  2000,  Richmond,  VA. 

"Metal  Alloy/Carbon  Nanocomposites  as  Fuel  Cell  Catalysts:  An  Overview,"  First  Georgia  Tech 
Conference  on  Nanoscience  and  Nanotechnology,  October  2000,  Atlanta,  GA. 

"A  Platinum-Ruthenium/graphitic  Nanofiber  Nanocomposite  Exhibiting  High  Performance  in  Methanol 
Electrooxidation,"  E.  S.  Steigerwalt,  G.  A.  Deluga,  and  C.  M.  Lukehart,  American  Chemical  Society, 
52nd  SoutheastGO*  Southwest  Joint  Regional  Meeting,  December  2000,  New  Orleans,  LA. 

"Rapid  Synthesis  of  a  PtiRuj/Carbon  Nanocomposite  Using  Microwave  Irradiation:  A  DMFC  Anode 
Catalyst  of  High  Relative  Performance,"  Deborah  L.  Boxall,  Gregg  A.  Deluga,  Edward  A.  Kwnik, 
William  D.  King,  and  C,  M,  Lukehart,  2000  International  Chemical  Congress  of  Pacific  Basin 
Societies,  PACIFICHEM  2000,  December  2000,  Honolulu,  HI. 
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“Preparation  of  Os/Carbon  and  OsiPfi/Carbon  Nanocomposites  as  Direct  Methanol  Fuel  Cell  Anode 
Catalysts,”  Joshua  T.  Moore,  C.  M.  Lukehart,  G.  Deluga,  and  D.  Chu,  American  Chemical  Society, 
222nd  National  Meeting,  August  2001,  Chicago,  IL. 

“Preparation  of  Bismuth  and  Bismuth  Alloy  Nanocomposites  from  Mixed-Metal  Gel  Precursors,” 

Joshua  T.  Moore  and  C.  M.  Lukehart,  American  Chemical  Society,  222nd  National  Meeting,  August 
2001,  Chicago,  IL. 

(d)  Manuscripts  submitted,  but  not  yet  published 

"Synthesis  and  Characterization  of  PtSn/Carbon  and  Pt3Sn/Carbon  Nanocomposites  as  Methanol 
Electrooxidation  Catalysts,"  Frank  E.  Jones,  III,  Stephen  B.  Milne,  Bogdan  Gurau,  Eugene  S.  Smotkin, 
Stuart  R.  Stock,  and  C,  M.  Lukehart,  J,  Nanosci.  Nanotech,,  in  press. 

"Synthesis  of  PtSn/Carbon  Nanocomposite  Using  trans-PtCKPEtiMSnCL)  as  a  Source  of  Metal," 
Deborah  L.  Boxall,  Edward  A.  Kenik,  and  C.  M.  Lukehart,  Chem.  Mater.,  in  press. 

"Synthesis  and  Characterization  of  a  Pt-Os/Carbon  Nanocomposite  for  Methanol  Electrooxidation," 
Joshua  T.  Moore,  Deryn  Chu,  Rongzhong  Jiang,  Gregg  A.  Deluga,  and  C.  M.  Lukehart,  J.  Phys. 
Chem.  B,  submitted  for  publication. 

"Formation  of  Bi-Sb,  Bi-Sn,  and  Bi-Sb-Sn  Nanoclusters  in  Silica  Xerogel  Matrices  from  Mixed-Metal 
Oxide  Precursors,"  Joshua  T.  Moore  and  Charles  M.  Lukehart,  J.Cluster  Sci.,  submitted  for 
publication. 

"Synthesis  and  Characterization  of  Os/Carbon  Nanocomposites  and  Reactivity  in  Methanol 
Electrooxidation,"  Joshua  T.  Moore,  Deryn  Chu,  Rongzhong  Jiang,  Gregg  A.  Deluga,  and  C.  M. 
Lukehart,  Chem.  Mater.,  submitted  for  publication. 

"Rapid  Preparation  of  Pt-Ru/Graphitic  Carbon  Nanofiber  Nanocomposites  Using  Microwave 
Irradiation:  A  DMFC  Anode  Catalyst  of  High  Relative  Performance,"  Eve  S.  Steigerwalt,  Gregg  A. 
Deluga,  and  C.  M.  Lukehart,  J.  Catal.,  submitted  for  publication. 

fe)  Technical  reports: 

(a)  “ARO  Interim  Progress  Report,”  1  June  1998  -  31  December  1998 

(b)  “ARO  Interim  Progress  Report,”  1  January  1999  -  31  December  1999 

(c)  “ARO  Interim  Progress  Report,”  1  January  2000  -  31  December  2000 
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